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3anoposicckuilt HAUUOHAILHBLIL MEeXHUYeCKUIl YHUBePCUnIem

UMOEHTUOUKALINA ITIEKTPUHECKUX TAPAMETPOB TOPLIEBbBIX OLUMHOBOK
NMEYEN COINPOTUBIIEHWA TTPSIMOITO JENCTBUA

CoBpeMEeHHBIH 3Tal Pa3BUTHS JIEKTPOAHON IPOMBIIIIEHHOCTH OMPENEINSeTCs POCTOM KOHKYPEHIMH Ha PBIHKAX
YKpausbl, OIMKHETO M JalbHET0 3apyOexbs, 4TO OOYCIIaBIMBAET IOBBIIICHHBIE TPEOOBAHHUA K TEXHOJIOTHUECKOMY
YPOBHIO IIPOM3BOACTBA M IIOKAa3aTelIsAM KadeCTBa 3JEKTPOAHON IPOMYKUIWH. YBEJIWYEHHE KOHKYPEHTOCIIOCOOHOCTH
JIOJDKHO 00€CIIeIMBaThCS B YCJIOBHAX ITOCTOSHHOTO PACIIMPEHHS HOMEHKIIATYPBI 3JEKTPOAHBIX U3IETIHI, pOCTA UX TEX-
HHUKO-9KOHOMUYECKHUX TOKa3aTesel, CHIKEHUS] ce0eCTOMMOCTH |, IPEMMYIIIECTBEHHO, TOM €€ COCTaBIISIIONIEH, KoTopast
oOycoBinieHa sHepro3arparamu. ClieayeT OTMETUTb, YTO IIPU IKCILTyaTallMy 3JIEKTPOTEXHUYECKUX KOMIUIEKCOB rpadu-
tanun (OTKI) ¢ MOIIHBIMH TTe4aMK COMPOTHBIICHHS MPSMOTO ICHCTBHUSI 3aTPaThl Ha HICKTPOIHEPTHIO CTAHOBATCS CO-
MOCTaBUMBIMH HJIH JJa’Ke TIPEBBILIAIOT 3aTPAThI Ha ChIpbe [1].

Cucrema aBromatuyeckoro ynpasienust JTKI nomkHa obecrieunBaTh peaan3aliio CIOXKHBIX 33/1a4 110 yKecTode-
HUIO TEXHOJIOTHYECKHX PEXHMMOB, CHIDKCHHIO 3HEPro3arparT M YMEHBIICHHIO JOJIM Opaka 3JIEKTPOJHOW HPOIYKIHH.
CymiecTByIomuMe METOABI U CHCTEMBI KOHTPOJIS TIO3BOJISIOT MOMTydYaTh HH(pOpManuio 00 SHEPreTHYecKNX IapaMeTpax
pa6oter OTKI TOBKO 1O CTOPOHE BBICOKOTO HANPSDKEHMS MUTAIOIINX M KOMIIEHCHPYIOIUX TPpaHC(OPMATOPOB, YTO HE
JOCTATOYHO AJISI aHAINM3a M CHHTE3a BHICOKOTOYHBIX CHCTEM ympasieHHs. [Ipr 3ToM BO3MOXKHOCTH TOJIyYEHUs JOCTO-
BepHOI1 MHpOpMAaLUK 00 3IEKTPHUYECKUX U TEMIEPAaTYPHBIX MapaMeTpax rpauTalliii cO CTOPOHBI HU3KOTO Harpske-
HUSI OTPAaHUYUBAIOTCS] M3-32 HEPABHOMEPHOCTH PACHPENIENICHNUs] MOIIHOCTH TETIOBBIZCICHUSI B 00bEME KEpHa C 3aro-
TOBKaMHU 3JICKTPOAOB, CJIOXHOCTU WJIM HCOCYHICCTBUMOCTU ITPAMBIX I/I3MepeHHﬁ n3-3a BBICOKHUX TEMIICPATYp B TOKO-
NO/IBOJIaX U KepHe, KoTopbie MOTyT nocturats 3000 T [1].

HeO6XOIlI/lM0 TaK)K€ NPUHUMATh BO BHUMAaHUC B3aMMOCBA3AHHOCTD IMPOLECCOB 3JICKTPOMArHUTHOI'O MU 3JICKTPOTEII-
JIOBOTO NMpeo0pa3oBaHus FJHEPTHU EPEMEHHOTO TOKa B KEpPHE M NEYHOI IeTiie, B TOM YHCIIe, B TOKOIO/ABOIaX W HIMH-
HBIX [TAKeTax.

Kak npasuno, OTKI' paccMaTpuBaloTCst Kak CHCTEMBI C COCPEIOTOUYEHHBIMHU MapaMeTpaMH, sl aHajIu3a CBsI3el B
KOTOPBIX IIPUMEHSFOTCS IPHHLIKIIBI CYHEPIO3UIMH, METOIbI TCOPHH DIICKTPHIECKUX LIeneil [2] u cpeaHux reomeTpuye-
ckux paccrostauii [3]. TIpr 9TOM BBOAWTCS TEJBIH PSII TPHOIMKEHHIM, TOMYIIEHUHA W YIIPOIIEHHH, CYIIECTBEHHO CHH-
KAOILIUX JIOCTOBEPHOCTh OTOOPaXKEHHSI MEXaHU3MOB 3JIEKTPOMAarHUTHOTO M 3JIEKTPOTEIUIOBOTO B3aMMOIECHCTBHS TOKO-
MIOABOJIOB, KE€pHA M€Y IpadUTalny C OCTANBHBIMHU 3JIEMEHTAMH [IEYHOW NEeTIH H, CJIeOBATEIbHO, TOYHOCTh HICHTH-
(UKaMy CONMPOTUBIICHUH, TOKOB, 3JIEKTPHYECKUX ITOTEPh U TEMIIEPATypPHBIX PEKUMOB PaOOTHI IIMHHBIX MakeToB. Crie-
JIOBaTEIbHO, JAHHBIE HMHCTPYMEHTAIBHOTO KOHTPOJISA 3JIEKTPUUYECKUX MapaMeTpoB rpaduTanuyl JOIKHBI JOMOIHATHCS
JAHHBIMH MaTEMaTH4YE€CKOTO MOJICITUPOBAHUs OCHOBHBIX KOMIOHEHTOB DTKI' kak mpoCcTpaHCTBEHHBIX OOBEKTOB C pac-
MNpCACICHHBIMU TTapaMETpaMu, B KOTOPBIX YUHUTLIBAIOTCSA OCO6CHHOCTI/I QJICKTPOMAriMTHBIX W 3JICKTPOTCIIOBBIX IIPO-
LIECCOB, TeMIIEpaTypHbIE 3aBUCMMOCTH 3JIEKTPOPHU3MYECKUX U TEIUIO(PH3MYECKUX CBOWCTB MaTepHAalIOB, OCOOEHHOCTH
KOHCTPYKIIMU CJIOKHOM CHCTEMBI BTOPHYHBIX TOKOIPOBOJOB. DTO SBISIETCSI aKTyaJbHOW HAayYHO-TEXHMYECKOW 3aja-
yeld, obecrieunBaronield pa3paboTKy COBPEMEHHBIX BBICOKOI((EKTHBHBIX M BHICOKOTOYHBIX CUCTEM aBTOMATH3HPOBAaH-
HOTO ynpaByieHUs caoxHbIMY dHeproeMknumu D TKI nepemeHHOro Toka.

U3BectHbie paGoTs [4,5], B KOTOPBIX PEaNU3yIOTCS MaTEMaTHIECKUE MOICIH dJIEKTPOMArHUTHBIX U HJIEKTPOTEILIO-
BBIX IPOLECCOB B IUIOCKOMAPAIIIETBHOM IMOCTAHOBKE, HE YAOBICTBOPSIOT TPEOOBAaHMSAM UYHCICHHO-TIOJIEBOTO aHAIN3a
TIPY UCCIIEJOBAHMUSAX TOPLEBBIX MIMHHBIX MAKETOB M JPYTMX KOMIIOHEHTOB IEYHON IETIH CO CJIOXKHOW MPOCTPAHCTBEH-
HOH CTPYKTypoil. MaTemMaTU4eCKOe MOJEIUPOBAHUE CONPSKEHHBIX TPEXMEPHBIX IOJIEH B KOMILJIEKCHOM IpEACTaBJIe-
HHUH OPTOTOHAJIBHBIX IPOEKIMH BEKTOPHBIX MArHUTHBIX TOTEHIMAIOB, MATHUTHBIX M JJIEKTPUYECKUX HAPSHKEHHOCTEH,
MAarHuTHBIX HHﬂyKHHﬁ, IUNIOTHOCTENH TOKOB B TOKOIIPOBOAAX, TOKONIOABOJAAX UM KECPHE, TPCXMCEPHBIX MoJIeil KOMILJIEKC-
HBIX JJICKTPUYCCKUX MOTCHUHAIOB B JJICKTPOIPOBOAAIIUX CpE€Aax, TPEXMCPHBIX CKAJIAPHBIX noJiei TEMIICpATyp ABJIA-
€TCs1 CJIOKHOU 3a7auei.

Pemenue Takoro kiacca 3agad Ha dTare pa3pabOTKN HOBBIX WIIM MOJICPHHU3ALNH ACHCTBYIOIINX CUCTEM YIPaBICHUS
OTKI, xak mpaBwio, OpearoiaracT NPUMEHEHHE YHUBEPCAIBHBIX MAKeTOB MPHKIaaHbIX nporpamm (YIIIIII), peamu-
3YFOLIMX METOJ KOHEYHBIX 3JIEMEHTOB [4].

Orto o0ycnaBnuBaeT HEOOXOAUMOCTh pa3pabOTKH CHEIHANTBHBIX ITOAXO0JO0B, OOCCIICYMBAIOIINX KOPPEKTHBIA ydeT
ocobeHHOCTeW (PU3MYECKHX TOJNeH Ha TPaHUIaX OONacTel ¢ Pa3MTUIHBIMUA (GU3UICCKUMHU CBOHCTBAMHU, TOYHOCTH UHC-
JICHHO—TIOJIEBOTO aHAJIN3a M MACHTH()UKAIMN TapaMeTPOB Harpy>KEHHBIX TOPILOBBIX IIMHHBIX MakeToB I1I" mepemeHHO-
'O TOKa.

Lenpro paboTs! sABIAETCA pa3pabOTKa CIEHMANBHBIX MOIXOIO0B A pealn3allll METoJa KOHEYHBIX 3JIEMEHTOB B
crpykrype cpeacts YIIIIII nig upeHTHGUKAINK TapaMeTPOB TOPLOBBIX HIMHHBIX MAKETOB, 00ECIIEYNBAIOIINX BBIYHC-
JIUTENBHYIO 3((QEKTUBHOCTh U BBICOKYIO TOYHOCTh YHCICHHO—IIOJIEBOIO aHAJIM3a Ha OCHOBE COINPSDKEHHBIX 3JIEKTPO-
MAardMTHBIX W 3JICKTPOTCIIJIOBBIX Moueneﬁ, 0T06pa>1<a101uy1x 0COOCHHOCTH KOHCTPYKIHMHU U JICKTPOMAriuTHLIX MTPOLEC-
COB Ha TPaHUIIAX CONPSDKEHHs 00J1acTell ¢ pa3InYHbIMH (PU3NUECKHMHU CBOWCTBAMHU.
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st onMcaHus 3JEKTPOMArHUTHBIX MMOJIeH NPUHUMAETCSI YacTOTHAsE (POPMYJIMPOBKA CONPSKEHHOW CHCTEMBI YpaB-
HEeHHUIT MakcBeIa Ul KOMIDIEKCHBIX aMIUTUATY/] BEKTOPHOTO MarHUTHOTO M AJIEKTPHIECKOT0 MoTeHnnanos [4]. Bmecto
ANIEKTPOCTATUYECKON MOJEIH DIIEKTPHUUECKOTO TOJIsl B CPeJie OXJIKAAIOIIEr0 BO3yXa IPUHUMAETCSI MOJIEIb ISl 3JIeK-
TPONPOBOSAINECH Cpeibl, YAeabHas MPOBOAUMOCTh KOTOpoi He mperbiiaer 0,01% 0T 3nekTpuveckoil mpoBOAMMOCTH
TOKOMOIBOI0B mieuu rpadurarmu (1)

jwo-( .XA.+grad( - +rot[(pouj)'lrot(Aj)]=0, -1 4 1
avlobraal o )0 I v

rae A —BekTOpHbBIH MarHuTHBIH moteHuuan (BMII); V —oanekrpudeckuil moTeHmuan, g —MarHUTHas MOCTO-
siHHas; || —OTHOCHTENIbHAS MAarHWTHAs IPOHHUIIAEMOCTh; () — YIJIOBas 4acToTa, O(t) — yAeTbHAS 3JCKTPOIPOBOJI-
HOCTB; t —Temmeparypa; j= 1234 —HHIEKCHI, COOTBETCTBYIOMIME OOIACTAM MEIHBIX IMHH TOPIOBBIX IHHHBIX ITaKe-

toB (TLIIT), anoMuHUEBBIX IKHH OOKOBBIX MHHHBIX TakeToB (BILIT), Tokonoasomos [T 1 oxaxkaaroniero Bo3ayxa.
YpaBHEHUS CTAIIMOHAPHON TEIUIONPOBOJHOCTH B TOKOH}iOBOﬂaX U TOKOIOABOAAX UMEIOT Buj [4]:

divl; {t; )Jcorad(t; ) - @ (t;)= 0
ab)-lobfom, - @
3 =-0j{t;)dorad(v;)+ jon,),

roe A j (t j) — KOY(QQHIHEHT TEMIONPOBOAHOCTH; Q; (t j), ] # 4 —ynenbHas MOIIHOCTh HCTOYHHMKOB Teruia; Jj —
AMIUIMTYJTHOC 3HAYCHUE IIJIOTHOCTU TOKA B HpOBO[lHHJ,eﬁ cpeac.
Cucrema ypasuenuii (1) momosHsieTcst yciaoBusiMu Kanubposku KynoHa diV(A) =0.

st pexxuma cBOOOIHOM KOHBEKLUH U JIMHEWHON TeMIepaTypHOH 3aBUCUMOCTH IUIOTHOCTH OXJI&XK/IAFOLIETO BO3Ty-
Xa p(t):po(l—B(t—eo)) MEXaHH3Mbl KOHBEKTHBHOTO TEIJIOOOMEHa OITMCHIBAIOTCS CONPSDKEHHOM CHCTEMOW ypaBHe-

HUM, copeprkaiueil ctaiimoHapHoe ypaBHeHHe HaBbe — CTOKCa B €CTECTBEHHBIX NEPEMEHHBIX U CTALIMOHAPHOE ypaBHE-
HHE TEIJIONPOBOAHOCTH ¢ KOHBEKTHBHOI COCTaBISFOLICH epeHoca TeIia B oXyaxaatoue cpeae [4]:

(Vj DD)Vj = ‘[Po(l‘ﬁ( i —to))]_lﬂp j +V'( ')AV' - ( i -to)g
polt-Blt; ~to)lep, ¢ )(v orad(t;))- aiv it )grad(t )0 3)
civpoli-l - to)v] 0, =4

rae ij (t]) - yHCHLHaH TCIIJIOCMKOCTb BOSHyXa; Vj (t]) — KHHEMAaTHU4YCCKas BSI3BKOCTHb Bos,uyxa; B —KO3(1)(1)I/IIII/ICHT

00BEMHOr0 pacIIMPeHns BO3AyXa; P —IUIOTHOCTH BO3JyXa IPU Temmeparype lp; Vj —CKOPOCTb OXJIaKIaroLIero

BO3IyXa; § — YCKOpPEHHE CBOOOIHOTO MAJCHUS.

Ecmm HpeHereqL 3HAUYCHUSAMU DJICKTPOXUMHUYCCKUX MOTCHHHAJIOB U MNEPEXOAHBIMU KOHTAKTHBIMHU COIIPOTUBJIIC-
HUSMHW Ha TpaHULAX COHPAKCHHUA JJICKTPONPOBOAANIUX Cpea € pa3IMYHbIMU 3JI€KTp0(1)I/ISI/I"ICCKI/IMI/I CBOﬁCTBaMH, TO
MOXKHO OIIMCATh YyCJIOBUS COIIPSIPKCHMSI B BUJC!

(HTI Tk) O|D| KJ(14)izk’

(‘Jm nk) qD, K 1.4)|¢k (4)
(i (6 )grad (6) - M (B Jaradn (B )) =0,
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rae H-[ —TaHI'€HIYalIbHAas COCTABJIAIOILAS HAIPSXKCHHOCTU MAarHMTHOIO IIOJIA, ‘Jl’l —HOpMaJIbHasg COCTAaBJIAIOIIAs

IJIOTHOCTH 3JIEKTPUYECKOTO TOKA.

Ha rpannmax conpspKeHHS MEIHBIX IIMH U TPadUTOBBIX TOKOIOJBOMOB JOJDKHBI YUUTHIBATHCS MEPEXOIHBIE KOH-
TaKTHBIE CONPOTHBIICHUS [1,2], 4TO IPUBOIMT K pasphIBaM MEPBOTO POJA MPH pacyeTe MO IJTEKTPHUESCKUX TOTCHIMA-
JIOB W, KaK CJEICTBHE, K TOTepEe YCTOHYNBOCTH PEIICHUS] METOJOM KOHEYHBIX 3JIEMEHTOB. J{JIs1 HCKIIFOUEHUS BIUSHUA
3TUX (HaKTOPOB MpeaaraeTcsl CenuaabHbIA MOAX0. B OKpECTHOCTAX MOBEPXHOCTEH COMPSKEHHSI BBOJSATCS BCIIOMO-
rareyibHble 10100JIaCTH, TONIIMHA KOTOPBIX He mpeBbiaetT 20% TONKHbBI METHON MINHBI, UX IIUPUHA COOTBETCTBYET
UIMPHHE IIMHBI, & BRICOTA — BRICOTE TPa(GUTOBOrO TOKOIOABOAA. Y AeTIbHAS TPOBOIUMOCTH BCIIOMOTaTEIbHOM 1010013~
CTH OMpEeNeNsIeTCs] U3 YCIOBUS PABEHCTBA €€ JIEKTPUUECKOTO COMPOTUBIEHUS MEPEXOTHOMY KOHTAKTHOMY COMPOTHB-
JICHUIO HA TPaHUIEe «Meb — rpadur». B 3TOM cilydae rpaHUdYHbIC YCIOBHUS IS BCIIOMOTATEIbHBIX MO00JaCTel OIH-
CBIBAIOTCSl COOTHOIIEHHUAMHE (4), KOTOPBIE HE BBI3BIBAIOT Pa3phIBbI IEPBOTO POJIA, U 0OECIIEUNBACTCS YCTONYMBOCTh BbI-
YUCJIUTENBHOIO MpoLecca peanu3oBaHHoro nocpeacrsom YIIIIIL.
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Ha mutockoctn YOZ hopMyIHpyrOTCsT YCIIOBHSI DIICKTPOMArHUTHON M TEMITEPATypHON CHMMETpHH [4]

Hyi :O|i=L4"]ni :0|i:l4,gradn(6|):0|i:l4, ©
a Ha BHEIIIHMX I'PaHMIAX — yCIOBUS BUAA!
{Aj = O(DJD(JA)’Vj = ¢J"Dju(13)’nj )= O‘j=4' ®

TermnooOMeH IMHHBIX TAKETOB B PEKMME CBOOOAHON KOHBEKIMH OXJIAXAIOIIETO BO3AyXa C JOCTATOYHO BBHICOKOH
TOYHOCTBIO MOYKHO OITHCATh M3BECTHBIM SMIMPUYCCKHM COOTHOLICHHEM [2], KOTOPOE € YIETOM JIyIUCTOH COCTaBIISIO-
e TeIIo0Taauy npeodpasyeTcs B IPaHUYHOE YCIIOBHE
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Mtj) orad (t;)= 18107 t; e - 0o )+ 57 {1 0) L [1000] =12, )
rie 0 —K0dPUUMEHT, 3aBUCAIMH OT BHICOTHI (INMHBI) WIMH; ¢ —KOIOUUMEHT JIyYNCTOrO SKPAHHPOBAHHS

LINH,
3T0 TO3BOJIAET paccMaTpuBaTh CUCTeMBbI ypasHenuit (1), (2) nuBapuanto k cucreme (3) u obecrieynBaeT YHCICH-
Hyto peanm3anuio matemaruueckoir 3-D monenu (1) — (3)c ycnoBusimu (4) — (7)MeTomoM KOHEUHBIX 3JeMeHTOB [4] B
crpykrype cpeacte ComsolMultiphysics.
Pacuet anexTpuueckux napaMeTpoB BTOPUUHBIX TOKONPOBOAOB NeuHol netiu 1" ocyiecTisieTcs Ha OCHOBE J1aH-
HBIX MaTeMaTH4YECKOr0 MOJCIUPOBaHus. J[Jis aHaIN3a TOKOBBIX HAIPY30K BTOPUYHBIX TOKOIPOBOJOB U TOKOIOIBOAOB
[I" onpezensercss KOMIUIEKCHAs aMIUTUTY/a TOKa, MPOTEKAIOLIEr0 Yepe3 MPOU3BOJIbHO OPUCHTHPOBAHHYIO IUIOIIAIKY
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HpI/IMeHHIOTCH HUHTETrpaJIbHbIC COOTHOIICHUA JJId paCdY€Ta aKTUBHBIX IMOTCPb, UX YACIbHBIX 3HAYECHUH
- 1343} -
A, —jjjoi J [ﬁJ) dxdydz, p|, =P, /Vi , 9)
Vi

u J1s1 onpeneneﬂnﬂ 3Hepr1/m MAar"HuTHOI'O I10JI41, €€ 06L6MHOﬁ IIJIOTHOCTH Ha y‘iaCTKaX BTOpI/l‘iHbIX TOKOHpOBO[lOB nu
TOoKOII0ABOA0B I1I"

! :%IH(B [H Jdxdydz, w|, = W] /V;. (10)
Vi

C yuerom cootHotennit (8) — (10)MoryT OBITH OMpeeeHbl MOJIHbBIE, aKTHBHBIE W PEAKTHBHBIE COTPOTHBIICHHUS
BTOPUYHBIX TOKOIIPOBOJOB neyHou netiu [1I1

Rl =P /8 W= X =t = JR? o2

KoHCTpyKTHBHOE MCTIONHEHNE MIMHHBIX MMAKETOB MEPEIHEro TOpHa OmpeAesseTcs 0COOEHHOCTSIMA MOHTaXKa JIBYX-
psiaaoro TiaBHoro muHHOTO makera (CILIT) cexuun nedyeit DTKIT, 0TBOIBI KOTOPOTO PACIIONATAIOTCS Hal YPOBHEM KO-
Kyxa medd. [y 9uCIeHHO—TI0NEeBOTO aHAIM3a JIEKTPOMArHUTHBIX W AJIEKTPOTEIJIOBBIX MPOIECCOB, WACHTU(DUKAIINN
TOKOBBIX HArpy30K, JIEKTPHUYECKUX MOTEPh, TEMICPATYPHBIX PEKUMOB PAaOOTHI, IJCKTPHUCCKUX COMPOTHUBIICHHMA CHC-
TEMbI BTOPUYHBIX TOKOIIPOBOAOB MEeYHON eTIINn, BKJ'IIO‘iaIOIJ_lel‘/II TOKOIIOABOAbI HF, TOPUEBLIC U OOKOBBIE IIIMHHEIE I1a-
KEThI, HCCIIEYIOT TPU BapuaHTa KOHCTpyKTHBHOTO ncnoinenus: TIIIT (puc. 1).

Mennbie musbl wieteid THIIT kpermarcs K TOKOMOIBOAAM HaKUMHBIME ILTUTaMH, 00CCIICYHBAIONINMY HAICKHBIN
JNEKTPUUECKHH KOHTAKT. [TaKeThl MEIHBIX JICHT JH00 COCAMHSIOT YYaCTKH BEPTUKAIBHBIX IIHH IPYT ¢ Apyrom (Bapu-
aut 1 —puc. 1a), mu60, orubasi TOKOMOIBO/IbI, CBAPUBAIOTCS ¢ METHBIMU IJIACTHHAMH HA €r0 MPOTHBOIMOJIOXKHOM IPaHu
(Bapmantsr 2,3 —puc. 16,8). MOHTax TOKOITOJBOIOB B TOPIeBOi cTeHke [N o6ecreunBaeT ux IIEKTPUIECKUN KOHTAKT
C MacCHBHOH I'paUTOBOH IUTUTON W BHIPABHUBAHHE JICKTPUICCKUX MOTEHIMAJIOB TOPLIOB TOKOMOIBOIOB CO CTOPOHEI
KEpHa.

Jlnst IepBOTO BapHaHTa KOHCTPYKTHBHOTO HcronHeHus (puc. 1a) Beprukansubie mietn TIHIT pasmernarorcs ciesa
U CIIpaBa OTHOCUTENIBHO BEPTUKAJIBHOTO psifia TokonoBonoB. Buyrpennue miern TIIII coequnstoTcss ropu3oHTab-
HbIMHM MEIHBIMHM YPABHUTEISIMHU, KOTOPBIE PACIIOIAralOTCsl HA YPOBHE HM)KHMX I'PaHEH TOKOIIOJIBOAOB BTOPOIO U 4Y€T-
BEPTOI'0 rOPU30HTAJIBHBIX PAIO0B.

Jsist BTOPOTo M TpeThero BapuantoB KoHcTpyktuHOro ucronHenus TIHIT (puc. 16,8) mnern TIUIIT obecnieunBaroT
MapHO€e MOJKIIOYEHHE BEPXHUX U HIKHUX TOKOIIOABOJOB BEPTUKAIBHOIO psAna. [jis BTOpOro BapuaHTa KOHCTPYKTUB-
Horo ucnojuenus (puc. 10) Hapyxuas twiers TIHIT coenunsieTcs ¢ BepxXHEW Mapoil TOKOMOABOJOB, & BHYTPEHHSS
IJIETh — C HIKHEH napoil. B TpeTbeM BapuaHTe KOHCTPYKTHUBHOI'O MCIIOJIHEHUS 3TH IUIETH 3€pKaJbHO MEHSIOT CBOE I10-
JIO’KEHHE OTHOCHTENTLHO BEPTHKAIBHOTO psiia TOKOMOABOIOB (puc. 1).

E (11)
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Oty BapuaHTHl KOHCTpyKTUBHOTO ncnoxaeHus TIHIT uccnenoBanuck MeTogaMy YHCICHHO — ITOJIEBOTO aHAIN3a U B
YCIOBHAX NMPOMBIIUIEHHON SKCIUTyaTaliu. Pa3Mepsl KOHEYHBIX 3JIEMEHTOB B PAacUeTHBIX OONACTSIX BapbuUpyrOTCs. B
nmuax TIUIT u BILII, makerax MEIHBIX JCHT, MEIHBIX KOHTAKTHBIX IUIMTaX M YPABHHUTEIBHBIX COCIUHCHUAX OoOecIe-
9yrBaeTCs OOJIbIAs IUIOTHOCTh MIPOCTPAHCTBEHHOMN PEIISTKU Y3JI0B KOHEUHBIX 3JIeMeHTOB. B Tokonoasoaax I1I" u Bo3ne
BHEIIIHUX TPAHUI] PACUETHOU 00JaCTH pa3Mephbl KOHCUHBIX DJIEMCHTOB YBEIHUMBAIOT, YTO IMO3BOJIICT COKPATHUTh 3aTpa-
THI BPEMEHH, TPEOOBaHUS K BBIYMCIUTEIBHBIM pecypcaM W HE YXyALIaeT TOYHOCTh pacueToB. [Ipu MonenmupoBaHHA
BBIMIOJIHSAIOTCA UTEPALMH MO0 KPUTEPHUSIM TOYHOCTH KOMILUIEKCHBIX aMIuiuty TokoB B TIHIT u BIIIT kak mo momy:no

&l S [Elm] , TAK U YLy €¢Tmn < l€¢m Juddepennmarius mIOTHOCTH KOHEYHBIX IIEMEHTOB B MPOCTPAHCTBE pac-

YeTHOH 00acTn 00ecreunBaeT BBIYUCIUTENbHYIO 3(h()EeKTUBHOCTh U TOYHOCTh. OTHOCUTENBHBIE HEBSI3KM CYMMAapHbIX
TokoB TokonoasooB [1I" u TIUIT cocrasmstot 0,15%mns momyneit ammutyn u 0,4% s das.

[IpencraBneHnple BapuaHTH KOHCTpyKTHUBHOTO McrnonmHeHus TILIT ampobupoBanuch B YCIOBHSAX MPOMBIIUICHHON
9KCIUTyaTali. [10TPEeNHOCTh PACYETHRIX PE3yNILTATOB IO JaHHBIM PETHCTPAIMH TOKOB B ToKomoasomax IIIN [6] He
npesbimaeT 6,45%,nanenuit Hanpspkenus Ha wietsx TIHIT u BIIIT — 3,15%.

Pacueramu 3J€KTPOMArHUTHOTO TMOJIS YCTAHOBIIEHO CYIECTBEHHOE OTIMYME OOBEMHOTO PACIpENeNICHHs] Harps-
KEHHOCTEH MarHUTHOTO mmos (prc. 1) OT COOTBETCTBYIOMIETO paclpeneeH s sl MIocKonapamieabuoro moist. O6-
JIaCTh JIOKaJIU3allu MAarHuTHOI'O MOJISA ONPEACTIACTCA BEJIMYMHAMU HaHpﬂ)KeHHOCTeﬁ MAarHmMTHOrO I10Jisg, KOTOPbIC paB-
Hbl win npesbimanT 20 kA/M. OHa oxBaThiBaeT MWHHBI BepTHKaNbHbIX wieteid TIIT u BIII, BepxHuit TOKOMOABOA 1
BepxHue amomuunesbie TpyOsl BIUIT (puc. 1). 3to 00ycnaBinBaeTcs HEPAaBHOMEPHBIM PACTIPECICHUEM TOKOB B IIH-
nax TIII, BIIT u TokomoaBoAax. Bokpyr TOKOIPOBOIOB ¢ OOJBIIEH TOKOBOW HArPy3KOM 3Ta 001aCTh PACUIHPSACTCS.
Jnst TpeTbero BapmaHTa KOHCTPYKTHBHOT'O HMCHOJIHEHHS O0OBEM IOJ00JACTH JIOKAM3aLMK MAarHUTHOTO IIOJISI BOKPYT
HapyXHbIX BepTHKanbHbix ruiereid TLUIT (puc. 18) B 1,4 pasa Gonblue 4eM A BTOPOrO BapHaHTa HCIIOJHCHUS
(puc. 16) u 1,76 pasa Gosbllie TI0 CPaBHEHHUIO C TIEPBBIM BapHaHTOM ucroiHeHus (puc. 1a). MarautHoe moje BhITeC-
HseTCs U3 mogobaacTn Mexxay BHyTpeHHUMH oieTssMu TLLIT. DT 0coOOeHHOCTH MarHUTHOTO IO 00yCIIaBIMBAIOT HE-
paBHOMEpPHOE paclpeneeHle najeHuil HanpsbkeHuss U TokoB Ha ydactkax THIIT, BIOII u B TokonoaBoaax, Cyuiect-
BEHHOE yBEJIMUCHHE ySIbHBIX MOTEPh B MMHAX HapykHBIX mieted TLHIT i B TokomogBogax BEPXHETO psia.

st uccnenyembix BapuaHToOB KOHCTpYKTHBHOIO McnonHenus TIHIT nagenue nanpsixenus Ha TIHIT u Tokonoaso-
nax B 2,1 — 2,25a3a Gosbuie yem Ha TopueBoM yuactke BILIT. Conporusnenus cucrembl «rokonoasost 1IN — TIITT
— topueBoit yuactok BIIII» niast paccmaTpuBaeMbIXx BapHaHTOB KOHCTpYKTHUBHOro ucnoiHeHus TIIII menstorcs He-
3HAYUTCIIBHO. I/IHTepBaﬂ X U3MCHCHHUA HC MPEBLIIIACT 4,5%[/1 COOTBETCTBYCT OLICHKE OTHOCHUTEILHOMN MOTpEIIHOCTHU
pacdera, He npebimatoniei 9,5%.

Puc. 1Pacnpezenenue aMIUIMTY1 HAITPSHKEHHOCTH MarHUTHOTO TOJIS |H| B pacuetHo# o6nactu TILII (Bux co cto-

ponst otBozo I'IIII): a —Bapuant 1; 6 —BapHaHT 2; B — BapuaHT 3

Cuuia Toka B muHaxX HapykHbix mieteid TIIIT npeBbimaer cuiy Toka Bo BHYyTpeHHHUX IuieTsix B 1,46pa3a mis nep-
BOT'0 BapuaHTa KOHCTPYKTHBHOIO McroyiHeHus:, B 1,93 pa3za — it BToporo BapuaHTa McHojHeHus U B 1,2 paza — juist
TpeThero BapuanTa ucnoiaHenus (puc. 2a). Cusur TokoB 10 ¢ase B mierssx THIIT cocraBaser 4,5 351. rpan., 22,55
rpaza. u 5,551, rpaa. Anst nepBoro, BTOPOro M TPEThEro BapHaHTOB KOHCTpyKTHBHOTrO ucnoiHenus TIHIT coorerct-
BeHHO (puc. 2a). DnekTpuyecKue motepy B muHax BHyTpeHHux mrereit TIIT B 2,02 — 2,05a3a Gosnbiiie YeM BO BHYT-
PEHHUX IUIETSX Ul IIEPBOTO M BTOPOro BapuaHTOB U B 1,18 pa3za — st TpeThero Bapuanta KOHCTPYKTUBHOT'O MCIIOJN-
Henust THIIL.

HepaBHOMepHOCTh pacrpe/esieHusl TOKOB B TokomoaBojax [1I" BeipaxkeHa cuibhee (puc. 20). Cuia Toka B TOKO-
MIOJIBOJIAX BEPXHETO PsAla MPEBBIIIAET CHITy TOKa B TOKOIIO/IBOJIaX HIDKHEro psina —B 1,656, 2,219, 1,35paza ms nep-
BOT0, BTOPOTO M TPEThEro BapUAHTOB KOHCTpyKTHUBHOTO McnoineHus TIIIT coorBercTBeHHO. CaBuru mno ¢ase TOKOB B
TOKOITOJIBOJIaX BEPXHETO U HIDKHETO PSIOB COCTABISIOT 32 3II. Tpad., 27 31. Tpan., 1731, rpan. ams Tex ke BapuaHTOB
KOHCTPYKTHBHOTO HCIIOJIHEHUS. DTH (akTopbl 00YCIaBIMBAIOT SBHO BHIPAKEHHYIO HEPABHOMEPHOCTh PACHpe/ICICHHs
moreps B TokomoABoax I1I'. Diekrpuueckue moTepu B TOKOMOABOAAax BepxHero psaa B 1,87, 1,62, 1,59aza npessi-
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LIAI0T COOTBETCTBYIOLINE MOTEPH B TOKOIMOBOJAX BTOPOTro psiaa, B 2,63, 4,49, 1,9pa3a u B 2,84, 4,95, 1,9%4a3a —B
TOKOITOIBOJIAX TPETHETO M HUYKHETO PSIIOB VTS COOTBETCTBYIOIIMX BAPUAHTOB KOHCTPYKTUBHOTO McronHerust TIITI.
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Puc. 2 BexTopHsble quarpammMel TOKOB: a —B mmHax TIIIT; 6 —B TOKOBOIBOJaX BEPTUKAIBLHOTO psija

Koncrpykrusnsie ocobernnoctn TIUI, koTopble MPUBOIAT K HEPABHOMEPHOMY pacIipeAeeHHI0 TOKOB B IIMHAX U
TOKOMO/ABOIax nepeauero ropua [1I7, Kk 3HAYUTENIFHOMY YBEJIMUYEHHIO IOTEPh B TOKOIPOBOJIAX MEYHOM METIH, 00yciaB-
JIMBAIOTCSI, TIPEXK/IE€ BCErO, PACIOJIOKEHNEM OTBOJIOB TJIABHOTO LIMHHOTO ITaKeTa BbIe ypoBHs koxyxa [1I'. [Tostomy
IIPY POEKTUPOBAHUM HOBBIX MJIM MOJEpHM3aIMK AercTByrommx cekuuii 1" memecooOpa3HO oCyHIECTBISTH MOHTaX
TJIAaBHOTO HIMHHOTO ITAaKeTa CEKLMHM Ha YPOBHE TOKOIOIBOAOB MEPEAHEr0 TOpHa Iedeld. DTO MO3BOJIUT OTKA3aThCs OT
BepTukanbHbIX ieteit TILII, obecnieunTs Oosice paBHOMEPHOE CHMMETPUYHOE paclpeieieHHe TOKOB B TOKOMIOIBOIAX
nepenaero topua [T, cHusnTh magenne HanpsokeHus u notepu B TIIIT B 2,1 — 2,3%paza.

IIpu MonepHM3aLMM TOJIBKO LIMHHBIX NakeToB nepenHero topua III7 TpeTuil BapuaHT KOHCTPYKTUBHOIO MCIIOJIHE-
Hust THIIT sBastercst mpeanoututenbHbM. OH XapakrepusyeTrcs 6oee paBHOMEPHBIM PaCIpeIeICHHEM TOKOB U ITOTEPh
B napasuienbHbix BeTBsax TIHIIT u Toxonoasoaax I1I°, obecreunBas CHH)KEHUE SJICKTPUUECKUX MOTeph Ha 12%10 cpas-
HEHUIO C TIEPBBIM BapHaHTOM KOHCTPYKTHBHOIO McroyiHeHus, 1 Ha 13,2% —oTHocuTelbHO BTOpOro Bapuanta. [lpu
sTOoM Macca MeaHbix mwuH TIHIIT Broporo u Tperbero BapuaHTOB KOHCTpYKTHBHOro ucrnonHenus TILIT moxer ObITh
yMmeHbleHa Ha 8 — 11 %cooTBeTCTBEHHO.

BEIBOIEL

PazpaboTaH HOBBII 1TOJIXO]T LISl YUCIICHHO-TIOJIEBOTO aHAJIN3a JIEKTPOMArHUTHBIX U 3JIEKTPOTEILIOBBIX ITPOLIECCOB B
001acTH BTOPUYHBIX TOKOMPOBOJOB Topia [II" co ciiokHOW MpOCTpaHCTBEHHON KOH(HTypamueii MeTOIOM KOHEYHBIX
aneMenToB. OH 0a3upyercst Ha 3aMEHE JIEKTPOCTATHYECKON MOJENHN VISl OXJIaXKJAfOMIeH BO3AYIIHON CPeIbl MOAEIBIO
JIEKTPONIPOBOASAIICH CPEIbl C OTHOCUTENBHO Majlol yAENbHOH MPOBOAMMOCTHIO, TPUMEHEHHUH BCIIOMOTATENbHBIX I10-
JobnacTeil Ha TPaHUIAX C MEPEXOJHBIM KOHTAKTHBIM CONMpoTHBICHUEM. nbdepeHnuanys nI0THOCTH IPOCTPAHCT-
BEHHOM CETKH KOHEYHBIX 3JIEMEHTOB, KOTOpasl yBeauuusaercs B MeAublx muHax THII, amomunueBsix muHax BIHIT u
cHIDKaetcs B Tokomnoasoaax 111" n Ha nepudepun pacdeTHoi o0xacT, obecrneunBaeT yCTOWIUBOCTh U 3()h(HEKTUBHOCTh
BBIYHUCIIUTENILHOTO IIpoliecca B CTpyKType cpencts YIIIIILL

CpaBHeHHE JIaHHBIX MaTeMaTHYECKOTO MOJIETMPOBAaHHS W PEruCTpaluy TOKOB B Tokononsonax 1, manenuii Ha-
NpsDKEHUS Ha y4yacTKaX BTOPUYHBIX TOKOINPOBOJOB IEYHOW II€TJIM MOJTBEPXKAAET BHICOKYIO TOYHOCTh YHCIEHHO-
rojieBoro aHaiausza. OTHOCHUTENbHASI TIOTPELIHOCTh ONpPEJIENICHNsI TOKOB B TOKONOJBOAAX He mpesbimaer 6,45%,nane-
Hul HanpspreHns Ha ietsx THIIT u BIIIT — 3,15% onenka morpeniHoCcTy pacyera CONpOTUBICHUN cocTaBiseT 9,6%.

[To naHHBIM HAEHTH(UKALNN IEKTPUUYECKUX ITapaMeTPoB CHCTeMBI «rokonoaBos! 11" — THIIT — topueBoii y4a-
ctok BIIII» MoxepHU3npOBaHa KOHCTPYKLMS IMHHOrO nakeTa Topua I1I7, 4To Mo3BoNINI0 CHU3UTH 3JEKTPUUECKUE T10-
Tepu Ha 12%u yMeHbIINTE Maccy MEIHBIX IMH Ha 11%.
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